By using a chemically defined medium, a general and highly specific procedure was devised to select for mutant cells with less abundant or structurally altered sterol in their surface membranes. Within a certain concentration range, the polyene antibiotic filipin was shown to kill only cells with normal (as opposed to decreased) membrane sterol levels. Sterol-requiring derivatives of LM cells were isolated by chemical mutagenesis, filipin treatment, and cloning followed by replica plating in soft agar. Mutants (SI and S2) Cell Growth. LM cells (mouse fibroblasts) were purchased from the American Type Culture Collection (CCL 1.2) and were propagated in suspension culture or in monolayers. Minimal growth medium was Higuchi's medium (6) modified by the addition of 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) buffer (final pH 7.4), 0.5% bovine serum albumin, and 0.015% Darvan no. 2 (R. T. Vanderbilt Co.) (to minimize cell clumping or attachment to the walls of the culture bottle). The suspension culture (25 ml in a 125-ml Wheaton screw-cap bottle) was agitated on a gyratory shaker (140 rpm) at 370. Growth was monitored by measuring cell number in a hemocytometer, and cell densities ranged generally from 0.5 to 3 X 106 cells per ml. Generation time in the minimal medium was about 24 hr. When cells were grown as monolayers or cloned in soft agar (7), a modified Eagle's medium (Flow Laboratories) supplemented with penicillin (50 units/ml) and streptomycin (50,ug/ml) was used and the cultures were grown in a CO2 incubator.
Sterol-requiring derivatives of LM cells were isolated by chemical mutagenesis, filipin treatment, and cloning followed by replica plating in soft agar. Mutants (SI and S2) are described which, when compared to normal cells, show decreased synthesis of desmosterol in vivo from acetate and mevalonate relative to cell number or to fatty acid synthesis. When exogenous sterol is supplied, mutants SI-and S2 grow normally in suspension culture. However, when deprived of sterol supplement, mutant SI grows slower than wild type cells and mutant S2 lyses within one to two generations. Gas/liquid chromatography revealed that the mutants contained a normal spectrum of fatty acids including ubsaturated fatty acyl groups but, unlike wildtype cells, they have less abundant (mutant SI) or no (mutant S2) desmosterol in either the presence or absence of exogenous cholesterol. In vitro experiments with mevalonate as the substrate suggest that the defect in both mutants is in a demethylation reaction subsequent to lanosterol synthesis. The selection method developed here may permit the isolation of mutants with defective membrane incorporation of sterols and other polyisoprenoids as well as defective synthesis of these compounds. Sterols are present in membranes of virtually all eukaryotic cells. An essential role for sterols in the functional integrity of such membranes is indicated by the fact that eukaryotic cells lyse after a generation or two in medium devoid of sterol when sterol synthesis is impaired by oxygenated cholesterol analogues (1, 2) or by genetic mutation (3) . Studies with model as well as natural membranes suggest that sterol molecules modulate fatty acyl chain interactions (4, 5) . The consequence of this modulation on interactions between phospholipid molecules and between phospholipids and proteins is not fully understood. Furthermore, the preferential concentration of sterols in surface membranes and the mechanism for translocation of sterols from their site of synthesis to the surface membrane have not been explained.
In this paper, we describe a general and highly selective procedure for isolation of animal cell mutants with membranes containing decreased levels of or structurally altered sterols, and we characterize two mutants with decreased sterol synthesis. Many asts of sterol and polyisoprenoid metabolism and of membrane biochemistry may be probed by this approach.
MATERIALS AND METHODS
Materials. All the labeled compounds and sterols were purchased from New England Nuclear and Steraloids, re-
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spectively. Filipin was obtained from G. B. Whitfield, Upjohn Co., via S. C. Kinsky. Lipoprotein-deficient serum and low density lipoprotein were provided by S. Weidman.
Cell Growth. LM cells (mouse fibroblasts) were purchased from the American Type Culture Collection (CCL 1.2) and were propagated in suspension culture or in monolayers. Minimal growth medium was Higuchi's medium (6) modified by the addition of 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) buffer (final pH 7.4), 0.5% bovine serum albumin, and 0.015% Darvan no. 2 (R. T. Vanderbilt Co.) (to minimize cell clumping or attachment to the walls of the culture bottle). The suspension culture (25 ml in a 125-ml Wheaton screw-cap bottle) was agitated on a gyratory shaker (140 rpm) at 370. Growth was monitored by measuring cell number in a hemocytometer, and cell densities ranged generally from 0.5 to 3 X 106 cells per ml. Generation time in the minimal medium was about 24 hr. When cells were grown as monolayers or cloned in soft agar (7), a modified Eagle's medium (Flow Laboratories) supplemented with penicillin (50 units/ml) and streptomycin (50,ug/ml) was used and the cultures were grown in a CO2 incubator.
Isolation of Mutants with Decreased Membrane Desmosterol Levels. LM cells were mutagenized by incubating cells with N-methyl-N'-nitro-N-nitrosoguanidine (20 ,uM) To explore this approach we prepared cells with decreased membrane sterol content by utilizing oxygenated derivatives of cholesterol, such as 25-hydroxycholesterol, which are known to inhibit sterol synthesis specifically but not to substitute for the normal membrane sterol (13 (14) ] decreased to 14.0, 10.9, 9.6, and 6.8 ,ug/mg of protein after 0, 5, 10,Iand 24 hr (slightly more than one generation), respectively. The concentration of filipin required for 50% inhibition of thymidine incorporation increased from 4.5 to more than 9 ,g/ml from the beginning to the end of this growth period.
Next, we subjected LM cells grown without or with the inhibitor of sterol synthesis to conditions identical to those that would be used in the isolation of sterol-requiring mutants (Table  1 ). The two populations of cells were grown in a medium containing cholesterol supplement for at least two generations, shifted to medium devoid of sterol and propagated for another generation, treated briefly with filipin, and returned to a medium supplemented with calf serum. Under the conditions used in this experiment, the cells grown with 25-hydroxycholesterol were highly resistant to filipin at 5 ,g/ml whereas the control populations showed little or no resistance. This conclusion is based not only on the effect of filipin on thymidine incorporation determined immediately after treatment (Fig. 1, broken  lines) but, more significantly, also on the survival of the cells ( Table 2 ). The number of cells in the population containing normal membrane sterol content fell more than 100-fold by 1 day after treatment and did not recover over the succeeding The two populations of cells treated as shown in Table 1 were treated with filipin as described in Materials and Methods and placed in fresh medium containing 10% calf serum with or without 25-hydroxycholesterol (1 sg/ml) to restore growth. The cell counts are means of at least two determinations that varied by no more than 109. 2 days but that of cells with decreased sterol content decreased only 40% and growth of the survivors was apparent over the next 2 days. Hence, if one chose the appropriate concentration of filipin and selected the optimal time after shifting from permissive to nonpermissive (i.e., no sterol supplement) conditions for treatment with the polyene antibiotic, one could use this approach to select effectively for mutant cells with reduced membrane sterol levels.
Isolation of Strains with Decreased Sterol Synthesis. Putative sterol-requiring derivatives of LM cells were isolated by using nitrosoguanidine mutagenesis, the filipin enrichment procedure, and the cloning and replica plating techniques described above. In the experiment shown in Table 3 , radioactive acetate was used to measure sterol and fatty acid synthesis in wild-type cells and in two mutants presumably defective in sterol synthesis, one generation after shifting the cells from sterol-supplemented to minimal medium. Because acetate derived from a common pool is used for sterol and fatty acid synthesis, the data in Table 3 (columns 2 and 3) suggest that sterol synthesis is impaired but fatty acid synthesis is stimulated in the mutants relative to the wild-type cells. If sterol synthesis is compared to fatty acid synthesis, the defects in the mutants are actually magnified. The incorporation of acetate into the sterol fraction in mutant S2 was much less than that in mutant Si.
In order to quantitate the incorporation of acetate into desmosterol in vivo, a separate experiment was carried out in which [3Hldesmosterol was added to the nonsaponifiable lipids (labeled with "4C) and this fraction was further resolved by preparative gas/liquid chromatography. The amount of radioactivity in desmosterol derived from mutants S1 and S2 was 41% and 0.1% of the wild-type level, respectively. Radioactive mevalonate incorporation into sterols was also markedly decreased in the mutants (Table 3 , column 4), confirming the results with radioactive acetate and, furthermore, demonstrating that mutants S1 and S2 were defective in the sterol synthesis pathway distal to the hydroxymethylgluctaryl-CoA reductase step. The decrease of sterol synthesis in the mutants as measured by the incorporation of mevalonate appeared to be greater than that observed by acetate labeling. This finding suggests that either these mutants do not take up mevalonate from the medium as efficiently as wild-type cells do or they have increased levels of the reductase which results in greater synthesis of mevalonate and, in this experiment, a lower specific radioactivity of the cellular mevalonate pool. This latter possibility might be expected as a consequence of the lowered level of sterols in the mutants, and it is currently under investigation. Growth Properties and Sterol Composition of Mutants S1 and S2. Growth of wild-type LM cells and of mutants SI and S2 was followed in suspension cultures with minimal medium or minimal medium supplemented with cholesterol, lipoprotein-deficient serum, or low density lipoprotein (Fig. 2) . In minimal medium with or without lipoprotein-deficient serum, mutant Si grew slower than wild-type cells (generation times 24 hr versus 37 hr) and mutant S2 lysed after about one generation (much like wild-type cells grown with 25-hydroxycholesterol). Addition of cholesterol or low density lipoprotein to minimal medium fully restored the growth of both mutants to that shown by wild-type cells. For reasons not fully understood at present, the growth rate of wild-type and mutant cells in minimal medium supplemented with cholesterol was slightly decreased relative to that of wild-type cells in minimal medium (data not shown).
In vivo sterol synthesis measured by acetate or mevalonate incorporation (Table 3) suggested that the decrease in synthesis was more severe in mutant S2 than in mutant Si. The residual synthesis in mutant Si, but not that in mutant S2, was just enough to sustain growth in the absence of sterol supplement (Fig. 2) . The amounts of sterols from cells grown with and without cholesterol are shown in Table 4 . When subcultured from a medium containing cholesterol to one without sterol supplement, mutants S1 and S2 were found to have 71% and 0%, respectively, of the desmosterol content observed in wildtype cells when measured relative to fatty acids in polar lipids or 63% and 0%, respectively, when measured relative to cellular protein. Under these growth conditions, the total sterol level in the mutants shifted to lower levels than that of the wild-type cells, which is consistent with their survival during the filipin enrichment procedure and with their reduced growth rate (mutant Si) or eventual lysis (mutant S2) shown in Fig. 2 . When the different cell types were grown with cholesterol supplement, the total sterol content of the mutants was approximately (Table 5 ). Synthesis of desmosterol by homogenates from mutants SI and S2 was markedly decreased relative to that observed with homogenates from the wild-type cells. On the other hand, synthesis of farnesol, squalene, and lanosterol increased 3-to 5-fold. These results indicate that the defect in sterol synthesis in both mutants lies between lanosterol and desmosterol, possibly in the demethylation reactions because no demethylated precursor of desmosterol accumulated. The fact that in vitro desmosterol synthesis in mutant Si was very low whereas in vivo measurements of sterol content and synthesis showed a more modest change from the normal suggests that the defective component of the biosynthetic mechanism in mutant Si is particularly unstable in vitro. Preliminary experiments in which homogenates of mutants Si and S2 were mixed either with one another or with a homogenate derived from wild-type cells demonstrated that no inhibitor was present in either mutant homogenate but suggested that the defects in the two mutants were in different functions because their homogenates appeared to complement one another. It is interesting to note that intermediates of sterol synthesis that accumulated during incubation with mutant homogenates were not found in the cells even when the cells were grown without sterol supplements in minimal medium (containing bovine serum albumin) or in medium supplemented with lipoprotein-deficient serum. Although sterol intermediates might be excreted and accumulated in certain growth media (e.g., see refs. 16 and 17), the total nonsaponifiable lipid found in the minimal medium was less than 1% of that present in the mutants or wild-type cells.
DISCUSSION
Because growth and membrane synthesis continue in the ab- stopped by the addition of 1 ml of 1.8 M NaOH in ethanol. The reaction products were extracted into n-pentane which was then washed with H20. Squalene was separated from the other reaction products by alumina column chromatography (15) . The remaining fraction was further separated into farnesol, lanosterol, X, and desmosterol by chromatography on a 10% AgNO3-impregnated silica gel thin-layer plate with chloroform/acetone, 95:5 (vol/vol) as the solvent. Fractions from the plates were collected with ether and assayed for radioactivity. The numbers shown are relative to dpm/mg of protein for desmosterol in wild-type homogenates and are averages of at least three determinations that varied no more than 15%. * X was found between lanosterol and desmosterol on the Ag-NO3/silica gel plates and migrated identically on rechromatography.
sence of sterol synthesis and lead to eventual cell death (1, 2), conventional procedures for selecting auxotrophs would not be very efficient for isolating sterol-requiring mutants. Resistance to filipin is a very selective method for obtaining sterol mutants. Furthermore, because the concentration of polyene antibiotic can be adjusted to detect rather small differences in membrane sterol levels (Fig. 1) , one does not have to leave putative mutants without sterol supplement for periods that result in cell death. The polyene antibiotic nystatin has been used to obtain mutants in yeast and fungi that synthesize molecules that are precursors and substitute for the normal membrane sterols but do not complex with the antibiotic (18, 19) . However, in the present study, the short exposure to an appropriate polyene antibiotic permitted the isolation of mutants synthesizing less sterol as well as those synthesizing altered sterol.
The biochemical defects in mutants Si and S2 are specific to the sterol pathway because growth of both derivatives was restored to that of wild-type cells by sterol supplement (in the form of bovine serum albumin-cholesterol complex or low density lipoprotein). The fact that their fatty acid composition was normal, particularly the unsaturated fatty acid content, rules out a defect in synthesis of cytochromes such as that described for pleiotropic mutants of yeast impaired in the synthesis of both sterol and unsaturated fatty acids (20) . Recently, a sterol-requiring mutant of Chinese hamster ovary cells was obtained by using the conventional approach for isolating auxotrophs (3) . Interestingly, this mutant, like mutants SI and S2, also appears to be defective in a demethylation reaction. Both mutants (SI and S2) appear to retain their defective characteristics on recloning and after 9 months of serial propagation, as has been reported for the sterol synthesis mutant of Chinese hamster ovary cells (3) . The general isolation method described in this paper should permit collection of various mutants which will help elucidate
